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ABSTRACT

The objecives of this research are to determune the anatomical locatiors of spinal
asurons mvoived in control of the gemrournary and hindiimb motor svstems, and 1o
determune the physiclogica: responses evoked in (e genllourinery and hindlimh motor
svstems oy Inirdsplnal microsimuoiaten. During this quanter we made progress lowasc
both wi these obreciives. We conlnued g series of cxperiments o cheragierize e
hinglimb motor responses evoked by microstimulation of the iumbar spinal cord. We
measured the sndpont foress evoked byontrasping nueresurcation of the umhar spina
cord in decercbrate cats and compared those resparse o those oblwned o anestactized
p-ClIariLoss, arepacations. We also continuec wark an ar zrectmiezl tlechmgque o localize
mevrens mone spinad cord wsing recardings of elzetneal petential on the surfzee of the
sping. cord  2unng dhis guarter we devercoed implementad. and venified crelvacal
SOUITORS Tor e potentials generated v oavo cviimdrical voelume conducier moesels of the

soindl cord.

INTRODUCTION

Elecimeal stinulation of the nervous yvslenn Is & means 1o resiors funcisn mw
sowh nzurorogica] disorders. The objective of this project 18 0 invesioniz e
feasizilite ol peundl prosthetes Bused or micrestimulation af the spmul cord with
penetratng eciwrades. Speoitically, chenieal und viras retrograde tracers. mmediaze
CETlv Zens eXpression, end imrnupocviochemisioy are ased 1o determine the wooaions and
nedrochemica dentity of nedrons an the spinw cora that control venitounnary end motor
functiors in e omale cat Microstmuoiation with peagiretiag aciivaied iridiam
mucrosedirodes 15 used 1w dertermune the phyvsiowogical effects in the genizourinan and
moter svstems of actvauon of difTerent neurul popuiations. The resulis of this prozet
wil. provide data imporianat to enderstunding neural coawol of geaitaumnary and motor
fupciens, apswer Jundamental questions aboul microstmuiation of the spinal cord, and
leac to deveiopment of a new zereratior of neural prostheties for individuals with

neurciogiedl 1moarcienls,

PROGRESS IN THIS QUARTER

Durning the second guarter of this contract we contineed a series of expenments (o
measure the endpoint {orce produced wt the hindlimb by microstmulation of the lumbar
spinal cord. We alse contnued work on an electnical technique to localize neuronal
populations within the spinal cord. Below each of eur accomphishments is summarized.
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Hindlirnbh Motor Responses Evolked by Intraspinal Microstimulation

YW are vondicting 4 serics ol cypoerimaents 1o churacteoize the hidlimb oo

responses craked v mivrostimulaien, In these experiments rother than recoerding sinzle
TTIE FENPOsCs, W e recording the net teree ai the endpoint of the nindlimb. During the
pontad coverad by this report, we studizd the spinal mapping of motor responses evoked
bvorrrasponal mucrostumulation of the Jumber zalarcement of the spial cord motwo
snimmaels e cenrtrast o our previous exporinents, which were conducied oo animals
anesthetized witve-chooralose  unew unanesizieed, deceredrute preparclion wus wed.

METHODS

Toe endpoint torces evoked al the pusw by mierostimulution of the lumbar spinal
cord were recorded in wnanesthelized decerebrate catso ALl animan cure and experimentaul
arocedure: wore decording to NH o suwidelines and were asproved by the Insntotional
Al Cure and Use Comnrzitte of Case Western Reserve Lomversny,
Experimental Preparation

Animals were anesthenzed wilh keramine HOL cKeraser 15-20 mueska [My
ntubaied. and unestacsii wias maiitained with gascous halothane C1-2 % v axsaen A
Lmieclomy wils nasde o expose (e lumboesacral spunal cord. and she contralateral lett
lindlih was denervated by transeotine the femoral, obturator, wnd sobie nerves
Denervation wud Zone o arovent Mmechunica: coupling of crossed responses 1o ke lefl
Lk to t2e toree senmsor 2o waich the risholnmh was atuches. The animal was mouned
oo tTaine woith pms at the ips. the head noa heacholder, and vertehral Clamps w13 and
S1. The reraur was fieed witl o steel oo und the paw was attached to o smibal mounted
N Aoaxds fercefmement srunsdocer oNano-170 AT e Gumner, NCoo The toree
tromsducer was mounted on o cartesian manipulator that atlowed positioming ol the foree
und pawe. while the gimbull permits the
ne bifilur wire elecirodes were inserted

sensor throwshout the workspuce of the [ower ea
cotition ol the ankle wien the lirub is mosed. B
st four hindlimb muscles tknee Tlexor, knee extersor, ankle tlesor. cnd extensors o
revard e electronny ceraphic TEMCG ) activy, Bady temmperature was muatained between
377 and 297 C ok o thermostaticully comredled heat famp. 0,99 saiine with 8 & mefce
sedinr kecarbenate und 39 dextrnzse added was admusistered IV =20 cedhimr and
Aretictel respiration was used o muuntain e end tdal COZ ar 3-4% 0 The carond arferies
were ligaied and the Teh carotd was cathelerized 1o maonitor acterial blood pressure.
Dexamethasone 12 medker was administered al tae completton of the laminzcinmy amld
eavery 0 onours thercafter o the duranon of the experiment. Foilowing <argica:
preparatton, o mndeoibeular decerehrution was condoucred and halothane cpesthesia
Jozcontinued, A least one Rour elupsed hetween the end of anesthesia and the unaer of
Juti onlection,
Stimulation

The Jdura was openec, the levels were 1denuned Dy raot e, the spinal cord was
covered sith wann miverd wil, and microstmulation commenced. Vertweal, dorsal-1e-
ventrul penctrations were made to positton clectrodes ot Jocubzons dentitied in our
previous Sigh-reseletion mappmg studies o evoke undlimb motor respenses. Activatad
iridrum wire microelecrodes (30 wme dtanwier with an exposed clectrochemiculiv
determined surface aread of =225 um-=. a -3 gm tip. and insuleted with Epoxviile were
asend IS Huntnawen Medica! Research Institutes, Pasadena, CA Siimuil were
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charge buiunced biphasic puises with o cathodic phase gmplitude of 10-100 uA and
durauen of 100 ps applec at 30 He ror 0.5« The umpiiiude of the anodic phase was
Lmited to 100 LA and the duration was set automanculy by the stimuelator to baance the
charge In the prumans paidse,

Data Collection and Analysis

At selected depths adeng cach penetration tae dmn was moved on o 2 em znd of
nine o fwetve points from g mid-sance position while the stmulaion parimeters and
ciootrody Dusilon were Kept constant (see fig, 2010 QPR #2000 Thac forces measured at
hese sine e taeove Locaiions were used to caiculate the farces attng on the hmb's end-
poent throagnout oo workspace |Grszter e an. 1993] The werkspace way divided into
wwangles, and tne Torzes st a trangle were estimaled v i Lneyr inlerpolation based
on the three veciors measured on the vertices tsee QFR #2500 Note that although we
mied 1ot sl pluce. Furthermore. the forces were divides oo s passive
COMpanent voree measured Derore the opset oF GCvadon aad al aclive Comaonant
itomui torces mcosured minus the pussive portion .. Toral, active cod passive feree Helds
were reoanstiracied. The forces dae o groviy were caleclaies Wsiny simole mechanics
Gh sarractelopan The agedz and Knge maments due o gravin were culculaed fzom the
cat’s weiglt ans segment lenzthy obtained trom post-morter s-ravs [Hov wnd Zernicke,
LR
The turgues conng al the xpoee and cnkee jolats are cacclwied Zrom the force
MmicisUramenls w0y are given by T=I'E whzre T s the torgue veolor vknee, ansie . F s
(he forcz vacter o =x Fyand JU i the ranspase of the hmb's Jacooian, Calewuine tae
Jacuboan rrowres e Lok lengtty cobtained via post-morted X-ravs of the animud and
Janlangies vealauinied gung ank length messurements, anc the posizion of the ko2 ot
refilive 10 e Iords s81i0r,

The eleciromyvestuphic (EMGy acuviny af Jour aindim? muscles was measured
siraitunenssiy o wit e evoresd forces. EMG was measured (rom picepy femoris. vasnes
medialiv, doidiis wdercor. and medial zostrocnenus. @nd elecirode locations were
venfled sie pesi-moriem dissection. The raw EMG signais were amplified, filered 710
1GON0H? . znd samplec aF 23KIHz.

RESULTS

The resuits in the decerehrate preparauon were, for (ae most part. similar o the
resuls in e snesihetieed e-chlorulose ! prepatution. Responses to ececuncal stirnulation
and reilexes were heightened. such that forces and EMGs jended 1o be higher for the
same stmuolation level. We ¢naracternized o total of nine fieds over thres 1psilateral
venetranons i two anunuls. The magortty of the active felds 15 of 9§ were flexion
withdrawal responses. as odserved 1n the anestneuzed preparation (See fig 2,34 QPR
#25. The remumng Oelds were either cuudal extensor (three), of alvpica) extensor [ oneld
tha: tad not heen previously observed,

The atvpica. extensor tield 1s shown in figure 3 0. The positon of cach vecror is
plotted zt the position of the limb endpoint where 't was mezsured, 1ts leagth s
properijonal 10 e force magnitude, and its direction indicires the direction of the
cndpoint foree. In contrast to caudal extensor fields isex fig. 2,20 QPR 22, the direztion




et the endpoint exiension furce was ot directed strictly ia the ceudal or rosiral direction,
But rather varted with the position oi the imb endpoint,
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atypical extensor field

Figure 3.1 Atvpcai torce pultern ohserved noone of the penetration. Depth of
observatien was A8 & e 1Lo/L7 horder nesr the dorsal root entry zone, (SFFOS;

Trin Neld atsey Jsplived another prooerty that had not been ohserved i the
snesthetized animnals, The direction of the lorce vector alicited varied over the tme
course of the response for a aumber of Gmh postions. An example of the wemporal
evolution af the endpomnt force s siiown in fig. 3.2. The length and mugnitde ot the
vectors correspond e the endzeint foree vectors, and the torce vectors are plotted at
discrete Line pontts belere. during. and atter the stimulus, This behavior wis ool
abserved duning any of the aiher Jields, although an offresponse was elicited on some
(rials. Vbe of response consisted o1 farge lorve response that occarred after the end of
stimulation trzin. These responses were not observed in the anesthetized jee-chloralose )
preparaticn. prostmahly due to the suppressien of the reflex circuitry caused by the
anestherne.
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Figure 3.2. Time course of the farce vector al one position for the atvmeal extensor
diapdaves w Frgl 30 Nouce how the vector rotdates dunag the stirmulation penod @ ndicated
bw the sciic par petween (3 and 1.0 sec. Tis bekavior was only observed for this

particu.ar tke.d,

As lDouln previous experiments fser o0 220 QPR #2 e pessive toree fields
ine.. endpoin: torce vecrors aenerated Dy the pasaive properies of the mh 1 the chsence

o

of anv stmuiaton: were very similar acress animals (fig. 330 Baoth fleles showad
INCIeasing exlension forces as Lae eg was lexed, and decreasing extension {orces, wich a
Tans o  hexoon fosces, as the leg was extended In the rostrai-caudal direction, the
passive foerces in SFRIS tended 10 restore the iimb wwards @ neutra) cosiuon, whiie the
restoring forees i1 SFFOS were onented caudally. prescmably because the workspace grid
was centaced over a more wastral position. In those two examiplzs, the jeg was safficiently

i
[

extended to show the expected reversal from cxtension forces to flexion forces as the
limb was further exiended.
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Figure 3.3, Pussive Fforce Neld twitheut gravity: tor hoth aenals SFROS and SFEO6
The ammial plucement was ideal Tor SEFD3 and the pussive forces measured show the
cxpected point of convergence iforees going W eror within the workspuace used for
measurentent, The wiimal was prisnably wounted too forward cn SFROG, and the Jes
shoeuld Have heen stretened tusther back 1w show the forwand poinhng resiening forces
Buoth lelds crocare that e ammal’s limb s sose saffclently extended o demoensirate

flexion restaring rorces,

CONCLUSTONS

Lur measurements of endpoint forces o decerehrate, spinal-intact cats indicitte
S simulanon o rhe dossel and mtermediale aspects o the spingl cord generated
creanized, corvergent torce patterns, sinuiar o those found ia the anesthenzed
rreparation. Further. the resulis demonstrate thae much larger torces and a4 wider variety
of response Ivpes were elicited i the unanesthetized preparation.

These resulis sugges: that nacrostinulatien of the mamnnaliae spinal cord cun be
useid o cctivate groagps obf nuist.es o prinduce orzanized toree patterns ot the imb's
enépornt. This finding may find application noneural prosihetic control ol multi-joinl

e SR D persaons with spiese cord anpury

Source Localization for Electrical Mapping of Spinul Neurgns
The ubjective of this praject s 1o develop an intranperative mappmyg technigue o
We have previously

ident:fv the Jocation of 1the neurons targeted for siimulation .
developed techalgues for spinal cerd aapping n animal medsls using electrical
stimulution as weil as immediate carly cene expression [Gridl etal.. 1998] However less

v asive miethods are reguired 1o e inapning.



Thereforz, we are undertuking to devetop a soiution of the inverse probler: ziven
the potentials on the surface of the spinal cord. reconsirue: the location of Lhe source twat
procuced those poteniials | Qostendarp and Van Oosterom. 1989]. During this cuarter we
gxtended our previcus work and implemented and vahdasied wo cvlindneal voicme
cenductor models of the spinal cerd: a single cvlinder of uniform conductiniy, and a pair
of concentric cvlinders of diffenng conducuvirty.

METHODS

Chur origiang: inten: was (e use a previoushy developed ansiyvtical soiution [Cornelis
ard Nvssen, 19837 as the basis of the model. however, this was ner possitle because the
solution 1s valic only for a zero externyl conductivity (¢,=01. Wi 18 not rezresentative
of the cerebrospina) fuid, Thus. we wrned o a second solutior 1o the Literaturs [Meter et
Ao, 1993 put we were unabie 1o venify thetr solunon (el thz beuncary conditions were
not satisfied by the published scrutoni. We therefore clecied o derive our own
aralvtical solutions.

We heve derived souiizns tor the potential: zenerdted By 20100 Curment sourees i
two different volare condector macels ifigs. 240 3.3 In both cases the solution
invoives o summatiorn of Bessel lunctiens. and the sotuzions were ‘mplemertzd using o
Fourter soluizon meihod o Altman and Plonsey. T988] see QPR =2 in MATLAE

/\ T, Conductvite nside Cylinder
\—// G, : Conductivity Outside Cvimnger

| @ I+ Monopoiar Curent Source

@ . Polential Ficid Inside Cvlinge:

¢ D_ - Potendal Fleld Quiside Cyiinder

=

Figure 3.4. The single cvlinder volume conductor mode! was
comprised of a cyviinder of infinite length (isotropic conductivity @) in
an Infinite external medium (isowropic conductivity G}




Second Model of the Spinai Cord

G . Conductivary of Inner Cvlindar

E ! ! G, Conducnary of Quter Cylinder
1 1
| i
H I 1 - . - . - .
! i ; g, . Coaductivity Quiside Cyvlinder
; i !
; : l ’ - -~
' b b Menopolar Current Source
<D - Porential in Inner Cvlinder
@ O, D
i - o i .
o I A ;o Potential in Quter Cvoamder
P Potenual Outsicde Cvlinder
Figure 3.5, The concenric cyinders model vensisting of 2 inlinue
Jenath concenric ovhindess (G G0 surreunded by an iothinite medom
i physiologic realitv. As wirth the st model, all conductivines wree
horeogenous and isotrapic.
RESULTS

W huve successtully developed and unplemented two ovliodrical veluon:
condrctor models ot the ~pmal cord. The first medel thg, 3.0 consists of an nfiaie
length cvilnder with isotropic conductivity, representative of the spinal cord. surrounded
by oan inbirite hontogeneous 1soropie medium ot different conductivity,  The second
model Lz 33 conasts of o pur of mfinite length concentric evlinders or differing
conduciiviy, representatve of the gray and white matter of the spinal cord, surroanded
bv an iiinite zomogeneeus isotropie nedium of Sitferent conductivity.

The solutiens o Polssan’s cquiticn were oblained. and subsequent verilicalion ol the
houadary condivons was caleclated osing Mathenmarnica i Woltram Rescarchy These
caleclniions verinied thet all hoandary condinians were satistied. Thae models were
implemenicd wn Matlab (The Mathwoeks, Do und the tollowing teses were conducted 1o
verity the solubons anc tmplementaiions.,
L First Model convarges 1o Pomnt Source Modet for @, = @,

20 Seeornd Maodei converzes o First Model for o, = ¢, 12" mode| cenductiviziesd
where evlinder rudn and First Model conductivities are uppropriately adjusied,
30 second Model coaverges o First Model for 0, = o012 maode! conductivities)

whersz cvlinder radu and First Model conductivitios are apprapriately adjusted.
4 Second Mode: converges 1o Pont Source Mode  for 5 =0 =5

L



[n all 4 cases, the results of these tests demonstrated that our solutions were correct and
the porentizls of the different models converged 10 an error of ‘ess than 1x 10 % ar error
attribusable ¢ round-oft

Tre analvical sclutions that are the bases of the models require that «n inflizie
ramber of terels e summed o provide an exact solution. This s clearly not possibic:
Towever, the lewer order terms contmbute signiflcanily more to the solenen than do
migher ardar rerms. We conducted an ana.vsis to determine the contribution of 2:ghes
OTCer [erns o 10e soution so that a suitable number of freguency domain samples can be
selecied for the solutlan. The second concentric cvlinders modsl was used for nis
cvaluailon,

The second mede! simulation was run 24 times: 2ack e 312 terms were added
in z trequency space for every theta in Trequency soace. Thae graph in fgure 3.6 shows
the potenrial as u funenorn ol the z-axls position for increasing numbers of semples 'n the
7 freguandy space.  As addivenal. hivher-order terms were wdded 10 the solation. i
conversed, dJemoenstraiing that the higher arder termis contributed lirtle o the soistion.
Thw contributions s quantified tas perventage of solutonrin Caure 3.7 which shows the
relative contmbwion of the 212 highest arder terms o the selution: for the p2as peiential
ax u fanenior of the numoer of terms in the solution. Tt is Ciear that terms of wncreusing
OICCr DeCUTIE ess and ess stgmificart Ay g oexsmple consider the follow:ng: wha:
M=1024, the hughest 312 termy (530% of the erms coniribute 0% of the solctien
mugalluce,  Rowever, for M=IZ048. tie highes: order 312 terms (25% of the terms
icluded s contmbute enlv 0% to the solutien magniude,

Conclosion

W nave deveioped two models of 1he sping cord and verified thar thev have
heen properivompiemnented. Addidonally we have conducted an error analvsis thar will
enable ug 1o determine the number of Ireguency spacc saMpUes necessary 1o ebiin a
solption winn serfioyest reseiution [or our purposes.

L0
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Figure 3.6. Powential us o function of position alont the z-axis. Each
curse is o osaluton with un additonal 312 samples added in the z-

frequency space (starting at the pottona, [ts clear that s the terms
are of wereasingly higher order. they contribute Less w the solution.
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Figure 3.7: Contiibution of the 3.2 kizhest order terms to the

sooutlondas & “vias o Tancuan of ne number of terms o tne
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PUBLICATIONS THIS QUARTER

Barbeau. H.. DA McCrea, M.J. O Donovan, 5. Rossignol, W.M. Grli, MA. Lemay
(19997 Tapping into spnal circuits (o resiore motor function. Brain Research Reviews
20:27-51.

Grll. W.M. B.O. Erokwu, 5. Hadziefendic, MLA. Haxbhiu ¢ 1999} Extended survival time
[odowing pseudorabies virus injection labels the suprapontine reural netwaork controlling
the bladder and urethrz 1n the rat. Neuroscience [ etters 270:63-66.

OBJECTIVES FOR THE NEXT QUARTER
In the next quarter we will continue our co-localization studies to identify
wnhibitory spinal neurons active during micturition. Our specific objective is to establish
immunocytochemical methods o co-localize ¢-Fos with glycine, the primary inhibitory



nearviransentter in e spinad cord. We will cha continue our studies characterizing the
hindhmb motor responses o lemhar nuerostimulation, Our speciiic objective 1s 1o
irvesiizue the bindlimb motor responses evoked in the decerebrate preperation by
stimelanmg w0 the contralawenu sprras cord. Finally, we will conlinue development of our
clectzcal mappeng mwethed, Cus speaitic abjective 15 o implement the electrical field
soluion for o par of concene ovlindess, where the outer cvlinder has anisotropic
conductiviny chae. difterent conductivieies in the radial and longiudinad directions). as has
heen decumented tor the spinal white matter,
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